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BREAKDOWN I N  NARROW SILICON p-n JUNCTIONS 

ABSTRACT 
3 77/7 

Breakdown i s  investigated i n  step-type s i l icon  p-n junctions 

having a width from 10 t o  cm. It i s  demonstrated experi- -6 

mentally tha t  i n  such junctions there exist simultaneously two  

breakdown mechanisms : tunnel kd impact ionization] the in te r -  

action of  which leads t o  sign reversal on the p a r t  of the 
______c_ 

temperature coefficient of the breakdown voltage and causes 

the d i f fe ren t ia l  impedance of  the p-n junctions t o  vary 

sharply with temperature. It i s  established tha t  the curve 

for  the dependence of the different ia l  resistance and tempera- 

t u r e  coefficient of the breakdown voltage on the breakdown 

voltage -has a c r i t i c a l ~ o ~ & a r a c t e r i z i n g  the-wset-  of _- .. 

impact ionization by tunneling carriers.  

energy value for  formation of  electron-hole pairs by electrons 

i s  determined, and turns out t o  be 2.6 f 0.3 ev. The experi- 

mental resu l t s  are i n  qualitative agreement with the simple 

The threshold 

theoret ical  model. 

I ~ D U C T I O N  
, .: 
* >  

P 

i Electr ical  breakdown i n  semiconductors has been the topic of a gre8.t m a n y  
I 1  c 
-7i 

t 2  : 
J ? l  ' -  
u2 experimental and theoret ical  studies, from which it follows t h a t  the basic 

L5 
I 

T 

1 -  

'reasons f o r  the abrupt increase i n  current carr ier  concentration i n  s t  

e lec t r ic  f i e lds  are quite c lear ly  impact ionization and the tunnel effect .  
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B y  and large, the majority of experimental data re la t ing  t o  these processed 

have been obtained by the investigation of breakdown i n  p-n junctions. 

The study of breakdown i n  silicon p-n junctions has shown tha t  i n  such 

I -  
junctions w i t h  a width of 

(ref. l), whereas tunnel breakdown occurs i n  very narrow junctions with a width' 

cm or  mPe, breakdown is  of the avalanche type 
$ 4  

f 

i 
-6 /of - 10 cm (ref. 2) .  

I10 
i I I  
1 ,  

L ,  

The breakdown i n  p-n junctions with a width of t o  LOe5 cm i s  probably ' 

caused by the combined action of the mechanisms indicated above (ref.  3), in- 

volving impact ionization of the carriers i n i t i a l l y  generated as  a r e su l t  of the 

tunnel e f fec t  i n  the wlume of the p-n junction. d - 
A s  shown by the authors of reference 3, t h i s  e f fec t  leads t o  a more rapid - 

rise i n  the current with applied voltage. 

narrow p-n junctions carr ier  multiplication cannot occur u n l e s s  the electron 

a t ta ins  an energy of 2.3 eV without vacating the space charge region. 

threshold energy i s  found t o  conflict  with the value of 1.1 eV used i n  referencb 

5, in which a phenomenological theory i s  formulated i n  regard t o  a number of 

effects  associated with impact ionization i n  silicon. 

They have also shown (ref.  4) t ha t  i n  . 
'' 

- - - - - __ - - - . - I -  - -  -_ - -. __ - - . 

This I 

In reference 4, the threshold energy was determined on the basis  of data 

re la t ing  t o  the multiplication of photoinjected carriers. 

, 
2 In the present study, we have investigated alloyed p-n junctions, 
i 
iare nsrrower than the diffused p-n junctions ut i l ized by the authors of?refer- I* '3 

ience 4, where the volt-ampere curves o f  p-n junctions without illuminat3on w e r e i - >  

studied. 

> I  - - . 1  

I d  

-.. 

The breakdown mechanism has been investigated and the threshold energy f o r  

formation of electron-hole pairs determined on 
d 

! Iature dependence and d i f fe ren t ia l  resistance . 
I L 2 1 

~ _, - - .. ______ 
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I n  our work, the p-n junctions were prepared by fusing an aluminum bar 
_. 

0.2 mm i n  diameter in to  s i l icon alloyed with arsenic having a r e s i s t i v i ty  from 

0.008 t o  0.15 ohm-cm. 

72OOC. 

The fusion was performed i n  vacuum a t  a temperature of 

Pr ior  t o  fusion, the s i l icon ingots were oriented i n  the direct ion111 r 1 
cut in to  wafers, the resistivity of which was measured by the four-probe methodL11 i 

The wafers w e r e  then cut into crystals (dimensions 1.5 x 1.5 mm), which were 

subjected t o  a series of standard surface cleaning operations prior t o  fusfon. 

Shmic contact was produced by fusing i n  f o i l  l inings of al loy Au + 0.1% Sb. 

. 

I !i 1 

I i! ~ .; 

Figure 1. Typical Volt-Ampere Curves f o r  Narrow Silicon p-n Junc t ibs .  ' ? 

, - A  
i 1  

Typical volt-ampere characteristics of the prepared samples are shown i n  -.-. 

- G  figure 1. 

-,? was a rb i t r a r i l y  adopted as the breakdown voltage V 

The voltage on the p-n junction corresponding t o  a current of loe2 A - 

Figure 2 shows the depend- 
, I  

* B' .._ - I 

5 2  !ence of the breakdown voltage on the donor concentration i n  the base ma%erial. c 

5 1  ' 
i - 7  ,L b t  frm the graph,_a. reductid- a bm.xcfLtage - w i t h  incre$sing_m_, I- 

i ! I  i t  



Figure 2. Dependence of Breakdown Voltage on Concentration of 
Alloying I m p u r i t y  i n  Base Material. 

concentration i s  observed up t o  a concentration of - lo1' erne3, although at  a 

voltage of less  than 3 V a considerable spread i s  noted i n  the values of the 

- '  breakdown voltage. This spread i s  determined by the influence of technological 

factors . 
, The capacitance w a s  measured by the compensation method a t  a frequency of 

I- _ _ - _ .  -_.__..__ _ I _  
I -_ -I- _ I  s_ ~ ._ ~ I__ _- 

., - :I f' ,300 kc with an &.e. voltage amplitude oP 50 mV. 
i 

", ci 

> ,? For a l l  of the samples investigated, the graph of C-* v e r s u s  Va, where C 

i s  the capacitance, Va the external bias on the p-n junction, was a straight 

l i ne  whose intersection with the horizontal axis determined the contact poten- 

t i a l  difference Vi (see fig.  3). This attests t o  the f ac t  t h a t  the f i e l d  varies 

Linearly with the coordinate and the concentration falls  in to  a s t e p  distribu- 
.J 

tion. 

was determined by measuring the capacitance per unit  area. 

The width constant WL, i.e., the width of the p-n junction fo r  tr = 1 V, 
E .5 

To calculakg . ,  the 
L ,  

area, the aluminum was etched and the shape of the fused zone determine& under 

the microscope. The calculated and measured values of the  width constant were 

found t o  agree w e l l  within the  l imits of experimental error. 



Figure 3. Dependence of Capacitance on Voltage fo r  Various p-n Junctions. ! -  

The d i f fe ren t ia l  resistance Ra = dVB/d.II of the  junctions was deter- 
II I\ 

% I* 

I=% 
-, 

mined from the a.c. voltage appearing on the junction when supplied with a cer- - 

t a i n  doc. displacement current and 50 cps &.e. current, the amplitude of which 1 

w a s  1/10 the displacement current. 

- 

# ,  - -! 
6 . 1  
, 

8 1' 
I c ?  

The results are shown i n  figure 4. 
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1; 
Figure 4. Dependence of the Differential  Resistance on the Breakdqwn 

Voltage a t  the Nominal Breakdown Current of 10-2 A > I /  

(Dashed Curve: Theoretical; Solid C u r v e :  Experimental) . $ 1  - L T  

-ti 

7 :  The v a l u e s  of the voltage temperature coefficient p = dVB/dt I I=IB and 
re lat ive temperature coefficient of the d i f fe ren t ia l  resistance Q = (dRa/dT) 

( l /Rd)  were determined from measurements of the  breakdown voltage and dif  feren- 
- 

L I  

_ _ _  - 2 !.tieL resistance a t  various temperature? with the ClislaceE-nt c-urrent held 

- -7 -. 

I=-- L --5__---, ~ - - ~ ~ - ~ - -  
A N  



:rigorously constant by 

+O.Ol$. The breakdown 

I - - _l-lI__-~  ̂I 

means of a direct current 'stabil izer,  with an error  of ' 
voltage was measured i n  a potentiometer c i rcu i t  with an 

error  of +O.O$. 

were placed i n  a thermostat, i n  which the temperature was  regulated t o  within 

The nteasured temperature range was -60 t o  +150°C; the samples/l95 

- 

f >' 

,+0.l0C. 9 -  

1 i ' j  
i . .  
! i i  The results are shown i n  figures 5 and 6. 

e ' .  

- Figure 5. Dependence of the Breakdown Voltage Temperature -- - - __ -_ I 

Coefficient on the'Breakdown Voltage 
(Dashed C u r v e :  Theoretical; Solid C u r v e  : Experimental). 

u. % ' 
I 

I 

I 

Figure 6. Dependence of the Relative Temperature Coefficient1 -> 

of the Differential  Resistance on the Breakdown Voltage. 

2. DISCUSSIUN OF THE RESULTS 

Tunnel Breakdown i n  Nar row Silicon p-n Junctions 

The experimental data indicate that the structure of the p-n junction sat- 



L f 
.*. . -. _ _  

I a = )'e/Znq, 

1 : where FM i s  the maximum f i e l d  strength, 'W i s  the width of the  junction, j 
. .  
I -  V = Va + Vi i s  the t o t a l  voltage on the junction i n  the reverse direction, Va 

, i s  the supplied voltage, V. i s  the contact potential difference, Wl i s  the width 
1 

% constant, E i s  the d ie lec t r ic  constant, q i s  the electronic chaxge, NA and 

are the surplus acceptor and donor concentrations i n  the p- and n-type regions, 

respectively. -,-  
L.  

a . 4  Assuming t ha t  breakdown i s  attr ibutable t o  the tunneling of electrons from 24 
I 2 5  

the  valence band in to  the conduction band, i n  the one-dimensional case it i s  not-; 

d i f f i cu l t  t o  obtain an approximate expression for the current through the p-n 

- - -.. ___ - -- . - _- _ _ _  _._ ___ 
- 

,. 

junction: 

where z i s  the nuuiber of valence electrons i n  the elementary ce l l ,  d i s  the 

l a t t i c e  period, f i s  the penetration probability, v = @d/h i s  the osc i l la t ion  

_ -  frequency within a single band, h i s  the Planck constant, S i s  the  are@ of the 
-lJ 

4 ;  

i j  
41 :junction. I S  

In equation ( 2 ) ,  we neglect the nonuniformity of the f i e l d  i n  the  0-n juncd- 

-_ t ion,  supposing the f i e l d  t o  be everywhere equal  t o  i t s  maximum. This wans 

t h a t  car r ie r  tunneling occurs for the most p a r t  i n  the region of maximum f i e l d  

-.? strength, the size of which i s  considerably less than the t o t a l  width 0% the p- 

- 1  ijunction, so tha t  the f i e l d  nonuniformity i n  t h i s  region may be neglected. 
J L  L------- ~ .----I.-_ ___ - 

L- n - 0  1 

7 -  

- --_1 - 
f i -- I . -7 _--.It ~ _- - - . . -A  
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- I-_I______- __  
The f i e l d  distribution i n  the junction will be taken into account below as! , 

/ I  l 

a function of the maximum f i e ld  FM due t o  the applied voltage V, as given by 
1 -  I 

I 

~ 

., equations (1) . 
A s  shown i n  reference 2, tunneling occurs i n  s i l icon with the participa- 

r-. 

n 
F 

~ 

3 , 
'! , t ion  of phonons. In t h i s  connection, the penetration probability ?f' can be 

i 3 ;  
1 ;  I 

I I10  
I i 1 -  ' :written (ref. 6 )  as I i i  

I 1 . -  

3 1 -  
I -  

-- 

where ~ i s  the effective mass, E i s  the width of the forbidden band, Hw i s  the 
g I *A 

I 

phonon energy, h i s  the Planck constant divided by 2rr. 

t The quantity A(T) i s  the expression contained i n  the exponent and depends :; 
I _  ? 

Consequently, equation (2) can be writ ten i n  thkl.1. s-', implici t ly  on the temperature. 
I 

- -- .. --_- - 

, .. 7 

(4) :, I . 1. - ( z W / * ) F , W e x p  [--A(T) /P,]. 
-L 

A 

Taking equations (I) into account and different ia t ing (4) as an implicit func- 

t ion,  we find the d i f fe ren t ia l  resistance 

-~ 
;.,I I 

J - Substituting the value of the effective mass I# = 0.36 %, where % i s '%he  free 
L! , 
L:  ;electron mass, i.e., the reduced electron-hole mass, into the expression for  
'3 ' 
L L  jA(T) (3), we obtain a value of A N 4.10~ V/cm. Inasmuch as  FM - 10 V 

_ _  
1 ,  b 
. >  

I f *  

I ,  

I:,: 
6 

-1 i -1 _I 

5 c, ,Since it i s  primarily the exponential factor of (3)  t ha t  varies i n  breakdown, fi 



_ _  __ - 
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/---- - - 

h R d  = D +B(va + V{)-%, (7)  
where I) and B are constants fo r  a given junction. 

.I 

- 
Consequently, for  step-type p-n junctions i n  the case of tunnel breakdown,: 

'3 

7 the  d i f fe ren t ia l  resistance m u s t  decrease as - I'I, and i t s  1oga.rithm i s  a 

3 , l inear  function of the q u a n t i t y  (Va + V,) -4 . 
I 1  

j L> 
d 

i I  
it! 

1 1  1 The relat ions obtained are i n  harmmy with the experimental data (fig. 7) ., ! I 
1 .  1 ,  

il j 19 

I 

i 

Figure 7. Typical Characteristic f o r  p-n Junction with Tunnel Breakdown. 

u f  considerable in te res t  i s  the characterist ic of re la t ive ly  sharp delin- 

eation of the breakdown i n  p-n junctions with different  widths and, consequently, 

with different  breakdown voltages VB. .- 

A s  the experiment has shown (see f ig .  4), when V increases, i.e., when 
1 

B 

the width of the p-n junction increases, the q u a n t i t y  Ra measured a t  the same 

value of the  breakdown current, increases. This increase i s  explainedjhy a :iii 
1 l i  

1 1  * 

I > A  decrease i n  the maximum f i e ld  strength when the p-n junction i s  widened:. I 

The dependence of the different ia l  resistance R on the breakdown 
LL. d ., 

VB (assumed p u r e l y  a rb i t ra r i ly )  is  given by equation ( 6 ) ,  where the cowection 

between the maxm um f i e ld  i n  the junction Fm and breakdown voltage V 2s  B 

5: idetermined empirically: 
5: I--...--.- --- _L__ - _---I ._ - -. 



7 1 z i  Based on equation (8) , the expression (6) t ransforms t o  

j 
The 

for  5 E 
The 

assuming 

; > t  

dashed curve i n  figure 4 was c&xdxucted on the  basis of equation (9) 2 

lo-2 A. 

temperature characterist ics of tunnel breakdown are readily obtained by , 

t ha t  in the investigated temperature range (-60 t o  +150°C) thermal 
- 

expansion of the bodies i s  the principal source of the temperature dependence 
I- 

I ,  
' 8  

'of the penetration probability f a  , i .e. L L  

' 1  , '- - 

L 

Allowance f o r  the influence of phonons dces not play a decisive p a r t  i n  ~ ~ 

the present case, f o r  a l l  t h a t  counts i s  the sign of the temperature dependence. . 

Then f o r  the temperature coefficient of the breakdown voltage (p) we obtain 

(see fig.  5 )  

- _  
! -  
j ;  

t i  -, 2 
Similarly, the relat ive temperature coefficient of the different ias  resis 

8 .  

ance (see f ig .  6) i s  1 -  



_I.___ - 
i i  

The current i n  the region of lmge reverse displacement i s  given by the 
- 
5 expression (ref. 7 )  
5 

(Q)j I = I , (F,T)Y,  ( 1  

a 
9 :  I 3 

I :m: i where Io i s  the current due t o  heat enbration, M i s  the multiplication factor. 
i i  ! I !  

The quantity Io(F, T) has two components: the generation-recombination current I . 
i 

! I _  
,. 3 

and diffusion current, the relative proportion of each depending on the applied 

bias and temperature. 

the middle of the forbidden band, we obtain for  the current 

1 . S I  

Assuming t ha t  there are t raps  on one type situated in 

.r  

J 1 .' 
'where L T 

axoyed n-tme material, T 

type material, n i s  the current carrier concentration i n  the in t r in s i c  semi- 

conductor. 

are the diffusion length and lifetime of holes i n  a strongly 
L. 

P' PO 
fs-the e T e c t r o n - l i m  in a-strmgty a ~ ~ ~ y e d  p;-; 7- no 

i 

Allowing fo r  simplicity t h a t  the properties of the electrons and holes we 

identical ,  we have f o r  the multiplication factor (ref. 7) 

, 

w -  
M = i / ( i - j a ( P f & ) .  ' 

0 

I I T  ;L  1 It follows *om reference 8 tha t  the impact ionization coefficientlcan be i ~ :  

i 'writ ten as 

whereaO(F) i s  a function depending much l e s s  on the  f i e l d  than the exponentialr, 



r - - 1  
- - -_ . . ._--._._.__---I ___.__" _____ l _ l  __^_ ̂xll . :----- 

of the  sane order of magnitude as the ionization energy@'.. 

impact ionization coefficient i s  a sharp ly  va ry ing  function of the f ie ld ,  the 

Inasmuch as the 1 ' 1 

- 
.- integral  i n  equation (14) cas be replaced by the maximum of the integrand 

7 ,function, i. e. , 
3 

n 

31 t . j  

- - _  - t (16); lLl 13 I . _  

1 :where 0 < p(W) < 1. If i n  the case of the  tunnel effect  the breakdown voltage I ' ?  

i s  a fa i r ly  arbi t rary concept, f o r  the impact ionization case we formally intro- - 

--_ - - 

I ) '  15 

1 ,  

' 
duce the breakdown condition (M- a) 

- - _  
It can be shown t h a t  t h i s  condition leads t o  a transcendental equation for  the & - 3  

, ~5 
- 

- r  

15 breakdown voltage V and donor concentration I$,, the approximate solution of 
4 B -- - - -  - - -  - - __ _I_ 

:which has the form - -  
i ) i  

- ,-I 

(18) ~ 

. V,=CNn.-r, 

where p = 0.62; C i s  a constant. Hence the maxirmjlIl f i e l d  a t  breakdown is 

' 7 an expression which coincides with equation (7 ) ,  which w a s  derived empirically 
( 1  

:? fo r  tunneling. 
7 15 
4i j 
42 

; ;  

Differentiating equation (12) as an implicit  function, we readily1 Qbtain 
1 1  

L3 ;an expression fo r  the d i f fe ren t ia l  resistance as  a function of breakdom volt- 

'-5 ;age, making use of equation (18) : 
I - -  

I 
.:I 1 

-- - ..-" 



Consequently, the quantity Ra practically increases as-VB2 fo r  5 = const. . 

- Figure 4 shows the dependence given by equation (20). Clearly, the agreement ; , 

{*with experiment i e  f a i r l y  good. 

$ 1  

- 
1 '  

The temperature dependence of the preakdown voltage i s  governed largely /ls9 
- ,  
3 ' $ 4  

I G by the  variation i n  the parameter b with temperature. Assuming t h a t  all col l i -  10 

i 2 hens r e s u l t  i n  energy loss  on the pmt 'o f  t he  electron, which i s  a good approd-, 
1 )  I l/I 
1 -  
1 ,  

mation for  s i l icon a t  temperatures-3300?K, an expression can be obtained f o r  .i 

' , t he  breakdown voltage temperature coefficient p.  In fac t ,  we can write on the 

bas i s  of reference 8 
k, 

_ .  L I  

wherewo i s  the optical  phonon frequency. 
-t 

L 'a 

Making use of equation (21) and the breakdown condition' (17), we obtain j ' i 

_ .  - - I ___ . I_ - __ . - - __ - - - - . I - I 111 

8 

= dV,/dT = hoobo~dV.',r/ 2kTlshz--2Cy*[ b o  1 + * :  (22) - ,  
-1 2kT 

- " 

Figure 5 i l l u s t r a t e s  this dependence for T = 300°K. 

It follows f r o m  equations (22) and (20) tha t  Q = dRd/dTRa i s  positive, in- 

'- creasing s l igh t ly  with the breakdown voltage (see f ig .  6). 

Transition Region; Determination of the Threshold Energy 
f o r  Electron-Hole Pair  Production 

Consider a step-type p-n junction (fig. 8) i n  which NA>>% and thk 
I S  

space charge l i e  i n  the n-type region. 

A s  already noted above, the generation of carr iers  proceeds main1 

region of maximum f i e ld  strength, the s ize  of which i s - E  2: 50 t o  100 1. - td 
The electrons fa l l ing  into the conduction band are accelerated in to  regions of t 

fa i r ly  strong f i e ld  and can ionize, provided the *required energy i s  obtBined. , 

~ _ _  -L -^-A ' -- _I_ - -_ 
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I 
i , ', ! i ;  Figure 8. Model of a ktep-Type p-n Junction. li 

: >  

. .. 

- .  ' 

i _. 

- - . - I _ . - -  * I - - - 
-Figure 95-- Characteristic $f a p-n Junction with Impact - 7  

Ionization by Tunneling Carriers. - 

Clearly, the energy derived fromthe f i e l d  i s  

- -  
qVr=q(V.+Vd - ( & - h a ) .  (23)  

Let us  assum tha t  multiplication as  given by equation (E) i s  applicable 

This i s  valid i f  the distance a t  which carr ier  multiplica- i n  the given case. 

r "  t i on  i s  induced by impace ionization i s  greater than the mean Free path.. Inas-) 
~ 4: - j  $ 4  

t 
.? :> 

L c  khe tunnel current (2).  

The value of the current will be summed from the thermal current (23) and 

-5 
- Carrying o u t  computations analogous t o  those above, we obtain 
* 3 ;  
ic 
z ,7 

- 
/ -  

__ - _ _ _  ~ _- - _  -- - _ _  I_ _ _ _ _ _ _  _ _ _  - -  
;; I 

._ 1 - -_ - .- 14- ----J tI._ 1 --- __I -2 
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1 

-? , 
i 

3 ,  
,-., ! 
I_* 

.- 

Analyzing equation (&), it may be asserted t h a t  the 

i !  I C !  f e ren t i a l  resistance i n  the t ransi t ion region i s  dictated 
1 1  i 

i 'havior of the function 10(F, T) .  

. 
(24) 

1 

behavior of the  d i f -  j (5 
I .1 

largely by the  be- 
, ?  

Inasmuch as the tunnel current exceeds the thermal current i n  the t ransi t ion.  

region, the d i f fe ren t ia l  resistance measured fo r  different  junctions a t  some 

constant v a l u e  of the breakdown current % w i l l  decrease with increasing break- 

down voltage V since with diminishing f i e l d  strength the tunnel current fa l ls  BY 
- 1  

off as - exp(-A/Fm) = exp(-AVBy/FO). t n  other words, the condition 5 = Io, 8 

il 

- 24 = const means t h a t  measurements of R , i n  the t rans i t ion  region correspond t o  d 
2'- 
7 -  

The most abrupt characterist ic in the  t rans i t ion  region i s  the temperature - 
-,-. 

dependence of the d i f fe ren t ia l  resistance (see f ig .  6). 

A s  the temperature i s  increased, the carr ier  penetration probability rises 

shwply, and breakdown w i l l  be governed largely by the tunnel effect ,  b u t  since 

the f i e l d  strength decreases with increasing width of the p-n junction according 

t o  (9 ) ,  Ra w i l l  increase. 

The breakdown voltage temperature coef f ic ien tp ,  of course, has aiqero I - ~ "  

1 2  , - 1  
l ike/  '2 1 

t '  

point i n  the  t ransi t ion region (see fig. 5). Here the maxun . um negativk 
. . -  

the  maximum R signals the inception of impact ionization by tunneling carrier& d' 

and f o r  the same given p-n junc t im they coincide. 

It proved very instructive, i n  t h i s  connection, t o  investigate p-n junc- 

t ions f o r  which the two breakdown mechanisms could be sharply distinguished. 

I 
l i  . *-_. - __-_l__" - - . -- - - . ___- . I -- - - 
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I n  fact ,  for  such p-n junctions the graph of In R versus (V, + Vi)-%--(see]1ll d 

f ig .  9 )  disclosed an abrupt bend a t  t h e  point where the onset of impact ioniza-, 

t i o n  w a s  observed. This made it possibie t o  determine, direct ly  from the posi-, 

$ion of the bend, the energy acquired by the carr iers  from the f ie ld ,  since the! 

-? 

d 

' ;contact potential  V. was determined from measurements of the capacitance. 
IQ  j 1 I 

1 1  j For the energy derived f r o m  the f i e ld  we have 
, - I  

L :  

since V = E -ad. 
i g  

t i a l  a t  which multiplication begins i n  a given p-n junction. 

t a i n  the  threshold energy fo r  electron-hole p a i r  production we must  eliminate 

from (25) the  losses due t o  collisions with phonons. 

I n  t h i s  way, it i s  possible t o  determine the t o t a l  poten- 

I n  order t o  ascer- 

To do th i s ,  we constructea-- 

2 ' .  
: 25 the  dependence of the potential across the  junction f o r  which M = l  on the 

* I  
r .  

- _- juncfion width W -for p-n junctions wi4%# various-a5dths. i*e+7-&a thosep-n  -; ');-.- 

A- I 
- r  

0 

, junctions disclosing a bend. 

Approxbat ingthis  dependence t o  zero, we d i rec t ly  obtain the  threshold 

energy f o r  electron-hole p a i r  production by electrons, since electrons tunneled 

d i rec t ly  in to  the p-n junction. 

The resultant value of 2.6 f 0.3 eV agrees with the v a l u e  of  2.3 5 0.1 eV 
2 

ir obtained i n  reference 4. 
_ /  , 
.L [? 

1 - 1  

; 

The slope of the  curve i n  figure 10 characterizes a certain phonobjslowi 
hi I 1.2 
L. L ; i? :down f i e l d  fiwdh caused by the generation of opt ical  phonons. 

j phonon energy &,I - 0.063 eV, the value determined fo r  the mean free pa%h i n  

,breakdown i s  h =: 60-70 A. 

For an bRtical ; - - L 1 .  

0 -  - 7  

0 

i 

_.- __I- --- - . - ~ __  
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Figure 10. Dependence of the Voltage Across the p-n Junction 
f o r  Which M ~1 on the Width of the Junction , 

( tan A = hwo/qA = 10 5 V/cm; Bw0 = 0.063 eV; X = 60 t o  70 A) 
- ,  
‘ I  -* 

, I :  , 
i 

It must  be noted, i n  conclusion, t ha t  the r e a l  structure of the p-n junc- :25 
1 - I  

- - - *  i n  ^^.__ -“ - -  __ _ _  - - . - - .- - - -, __ - - - - ._ -- __ 
t i on  was not borne i n  mind i n  the present work, including s ta t i s t ica l -and  

‘ stochastic fluctuations of the impurity, the presence of s t ructural  defects. 
- 
- 
-~ 2 -  

The influence of these factors i s  especially noticeable i n  the prebreak- 

down region and will be less  marked i n  deep breakdown with the high current 

densit ies a t  which our experiments and calculations were carried out. 

these factors in to  account leads t o  a quantitative correction, b u t t h e  resu l t s  

:obtained i n  the qualitative analysis of the  effects  should remain i n  force. 

Taking 

or < J _  

4; j The author takes t h i s  opportunity to express h i s  p a t i t u d e  t o  B. h: Vu1 !j I ; 

L ?  ’ 
2 jand L. V. Keldysh fo r  a ntmiber of invaluable comments. 

i!, t 

- 1  
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